A diverse range of heterotrophic bacteria was screened for the presence of carbonic anhydrase (CA) activity, sensitivity to inhibition of growth by acetazolamide (CA inhibitor), and the presence of protein binding monospecific antibody prepared against purified Neisseria sicca CA. CA activity was demonstrated only in strains of N. sicca and N . gonorrhoeae. However, all Neisseria strains, including various isolates of N . meningitidis and N . lactamica, were sensitive to acetazolamide, when grown in air, and showed serological cross-reaction with N . sicca CA. Strains of other genera were resistant to acetazolamide. A number of strains including members of the genera Pseudomonas, Staphylococcus, Streptococcus, Serratia and Proteus also strongly expressed a gene product(s) immunologically related to CA. The presence of CA cross-reacting proteins, which lack hydrase activity, is discussed in relation to the function of the various mammalian CA isoenzymes.
Introduction
Carbonic anhydrase (CA; EC 4: 2 : 1 : 1) is widely distributed in plant and animal tissues. The classical function of this enzyme is catalysis of the hydration of dissolved C02, as in erythrocytes, to form HCO-ions. However, several isoenzymes exist in mammals for which clear roles have not been ascribed, and whose function is of current research interest. *
The distribution of CA in bacteria has been the subject of few investigations. CA activity has been demonstrated in Neisseria sicca, N . Java and N . perjlava,2 and its presence in other Neisseria species ( N . gonorrhoeae, N. meningitidis, N . lactamica, N . subflaua, N . mucosa and N. cinera) has been inferred from their susceptibility to inhibition of growth by the CA-inhibitor, a c e t a z~l a m i d e . ~~~~~~~ In a wide range of heterotrophic bacteria, Main and Locke7 and Sanders and Maren4 failed to demonstrate CA activity in genera other than Neisseria, and reports of CA activity in Streptococcus salivarius,2 Escherichia coli and Bacillus subtilis' have not been confirmed. CA activity has been demonstrated in phototrophic bacteriag9' and in the chemo-autotroph Nitrosomonas europea.
The aim of this study was to re-examine the distribution of CA in heterotrophic bacteria, particularly in species of Neisseria in which CA activity has been inferred indirectly, but not strictly demonstrated. The CA activity of cell extracts was determined and the presence of material crossreacting with N . sicca CA was investigated by immunodiffusion and immunoblotting techniques. The ability of acetazolamide to inhibit bacterial growth was also determined with cultures incubated in air or in C 0 2 8% in air; at this latter concentration, inhibition of the growth of Neisseria species by acetazolamide is o v e r~o m e .~
Materials and methods

Organ isms
in table I.
The bacterial strains used and their origins are given
Media and growth conditions
Strains of N . meningitidis, N . lactamica and N . gonorrhoeae were grown on plates of GC Medium Base (Difco) 7-2 g in 200 ml of distilled water, to which were added 2 ml of defined supplement I (DSI) and 1 ml of defined supplement I1 (DSII). The composition of DSI was (g/L) : glucose, 400; L-glutamine, 10; and co-carboxylase 0.02. DSII was Fe(N03)3.9H20 1 g/L. DSI and DSII were sterilised by membrane filtration (Millipore ; pore 
CA extraction
Cells derived from 24-h broth or plate cultures were washed once with 1/4 strength Ringer's solution and once with distilled water. Protein was then extracted" with glycine-NaOH buffer (c. 10 mg dry weight of cellslml). The protein content of extracts was determined by the method of Lowry et a1.I3
CA activity
The assay was a modification of that of Adler et al. " and was performed in a cold room at 4°C. Extracts equivalent to c. 2 mg protein in 0.5 ml of glycine-NaOH buffer were added to 3 ml of phenol red reagent (0.1 1 mM) in veronal-H,SO, buffer, pH8.4 (equivalent to 788 ml/L of 0.04 M sodium diethyl barbiturate, and 202 ml/L of 0-04 M H2S0,). Carbonated water (6 ml) was then added and the reaction was followed by the rate of decrease in optical density at 540 nm ; carbonated water was prepared by rapidly bubbling C 0 2 through distilled water at 0°C for 60 min.
Enzyme activity (units/mg of protein) was estimated as:
X where tT and ts were the times in seconds required for a change in optical density from 0.45 to 0.25 in the presence (tT) and absence (ts) of X mg of cell extract. X was the protein content (mg) of the extract (approximately 2 mg in 0.5 ml). Activities recorded were, thus, specific activities.
Under the assay conditions described the mean and the standard deviation of (ts) in the uncatalysed reaction in a typical experiment were 19.6 and 0.6 respectively (seven determinations). CA activity was only considered detectable where tT -ts was > 2 s.
Growth inhibition by acetazolamide
Filter-sterilised solutions of acetazolamide were added to molten agar media at 45°C to give final concentrations of 5-1200 pg/ml. Plates were inoculated (in duplicate) with 0.2 ml of cell suspension containing 109-10'0 cfu of N . gonorrhoeae or lo5 cfu of other organisms; they were then incubated either aerobically or in an atmosphere of CO, 8% vlv in air (Gallenkamp controlled C 0 2 incubator) or in containers sealed in air and containing dishes of KOH 10% to lower the C 0 2 concentration. The minimum inhibitory concentration (MIC) was the lowest concentration of acetazolamide that prevented the development of visible colonies at 24 h. For strains of Neisseria, MIC values were determined to within 5 pg/ml. The high inoculum used for N . gonorrhoeae was necessary as low inocula gave no visible growth at 24 h when plates were incubated in air.
Gel-immunodifusion
The method used was essentially as described by Ouchterlony. ' Plates were prepared with purified agar (Oxoid; 10 g/L in distilled water) and sterilised by autoclaving (121°C for 15 min). In each plate five wells (4 mm diam) were cut; one in the centre and the remainder equally spaced at a distance of 5 mm from the central one. Samples (0-04 ml) of monospecific N . sicca CA anti-serum (raised in rabbits by Dr N. Jonssen, University of Umea, Sweden) were pipetted into the central wells and various cell extracts into outer wells.
Plates were incubated overnight at 4°C and examined for the presence of lines of precipitation between the antiserum and the cell extract.
Immunoblot t ing
The procedure used was essentially as described by Hawkes et al. l 5 with a commercial kit (Bio-rad Immunoblot Assay kit; Gar-Harp). Protein extracts were spotted on to nitrocellulose filter paper. After application of each 1 p1 the paper was allowed to dry; the total volume applied varied, but was equivalent to 1Opg of protein.
The filter paper was then transferred (for various times) into : blocking solutions containing bovine serum albumin, monospecific N . sicca CA antiserum (details given above), and goat anti-rabbit IgG-peroxidase conjugate. Finally, the staining reagent (containing H 2 0 2 ) was poured on to the nitrocellulose filter paper. The development of a blue colour within 5-10 min indicated a positive result, i.e., a binding of the CA antiserum to extracted bacterial protein. Controls of distilled water and glycineNaOH buffer without cell extract did not develop a blue colour.
Results
CA actioity
The CA activity of glycine-NaOH extracts of various bacterial strains grown in air (C02 0.03% v/v) is shown in table 11. The N . sicca extract had a high activity, equivalent to 87% of that of horse erythrocytes (0-48). The activities of extracts from N . gonorrhoeae strains were 20-30% of the value for N . sicca; however, no activity was detectable in extracts from strains of N . meningitidis, N . lactamica or the non-neisseria species. Dilution of the N . sicca extract (table 111) suggested a minimum level of activity, detectable by the assay used, of approximately 2% of undiluted extract.
The CA activity of extracts depended upon the C 0 2 concentration during growth. Decreasing the C 0 2 concentration (by using KOH 10% to take up COz) increased the CA activity of N . sicca and N . gonorrhoeae extracts by 20-40% (table 11) . However, even under these conditions, CA was not detectable in the other bacterial strains used in this study. Increasing the C 0 2 concentration during growth to S%v/v decreased the CA activity of N . sicca extracts by 70% (to 0.12 units/mg protein), and in N . gonorrhoeae extracts, CA was no longer detectable.
The effect on CA activity of growing cells at C 0 2 concentrations between 0.03 and 8% v/v was not systematically determined. However, in preliminary experiments cultures were grown in air containing C 0 2 5% v/v. CA activities of extracts were similar to those of cells grown in C 0 2 8% v/v, and were between 0.1 1 and 0-14 units/mg of protein for N . sicca. CA activity was not detectable in extracts of other Neisseria strains tested ( N . gonorrhoeae FA101 and D92 and all the strains of N . lactamica and N . meningitidis listed in table 11).
Inhibition of growth by acetazolamide
On plates incubated in air, all Neisseria strains tested were inhibited by acetazolamide; MIC values were in the range 10-80pg/ml (table 11) . MIC values were essentially similar (up to 15% lower) when plates were incubated in containers with KOH 10% solution to take up C 0 2 (i.e., C 0 2 < O-O3%v/v); however, on plates incubated in C o t 8% v/v in air, MIC values were in all cases > 1000 pg/ml. All strains of non-neisseria species were resistant to acetazolamide > 1000 pg/ml, even when plates were incubated in the presence of KOH solution. MIC values for N . gonorrhoeae strains were higher than for N . sicca and may have been overestimated. To allow growth, in air, in 24 h, the inocula used for N . gonorrhoeae strains were 10' -10" cfu/plate (as opposed to lo5 cfu/plate with other strains). Thus, results may have been affected by the growth of a resistant mutant population or by a significant reduction in the medium concentration of acetazolamide as a consequence of cell uptake or inactivation.
Detection of N . sicca CA cross reactingprotein
The presence of proteins showing an immunological reaction with monospecific N . sicca CA antiserum was determined in cell-free extracts by an immunoblotting technique (table 111) . N . sicca 6021 and all of the N . gonorrhoeae strains showed a strong immunoreaction, and a weak immunoreaction was shown by strains of N . meningitidis and N . lactamica. Most of the non-neisseria strains gave either no immunoreaction or a weak reaction. However, a diverse group of micro-organisms (Pseudomonasfluorescens, Proteus mirabilis, Serratia marcescens, Streptococcus faecalis and Staphylococcus aureus) gave an intense immunoreaction blot (table 111) .
Glycine-NaOH extracts of N . sicca 6021 and similar preparations of various strains of N . gonorrhoeae (098, BS 2009, SL 72760 and FA 101) and N . meningitidis (El, E8 and C 2806) were also tested against the monospecific N . sicca CA antiserum by gel-immunodiffusion. In three independent experiments, lines of immuno-cross reaction were visible with N . sicca and N . gonorrhoeae cell extracts but not with N . meningitidis extracts.
Discussion
The extent of CA activity in N . sicca and N . gonorrhoeae depended upon cultural conditions. Highest activities were found at low concentrations of COz. In N . sicca, growth rate is also an important factor; the CA activity of extracts increased fourfold as specific growth rate (controlled by use of a chemostat) increased from 0.033 to 0.25 h. * In the conditions used in this study, the CA activity of extracts from aerobically grown N . sicca was comparable with the highest values (0.5 units/mg of protein) found by Nafi16 in a detailed study of nutritional and cultural factors affecting CA synthesis. Thus, the failure to detect CA activity in N . lactamica and N . meningitidis is unlikely to reflect unsuitable cultural conditions for enzyme synthesis. The extraction procedures used also seem appropriate for the organisms studied. Extracted protein accounted for 20-40% of the dry weight of cells, and carbonic anhydrase has been reported to be located in the cytoplasmic membrane or periplasmic space."*'* Thus, it would appear that in N . lactamica 2nd N . meningitidis CA activity is not present, or is present in only extremely low concentration ( < 1% of the amount in N . sicca); because all the strains of these species had low MIC values for acetazolamide (30-45 pg/ml), when incubated in air, the assumption that inhibition of growth by acetazolamide implies the presence of CA would appear to be invalid. In accordance with previous report^,^^^ CA activity was not detected in non-neisseria species, and acetazolamide did not prevent growth. However, there are many bacterial groups in which the presence of CA has yet to be investigated. Also, cultural conditions for expression of CA activity might differ substantially from those in Neisseria species. In contrast to the results obtained for CA activity, all strains of Neisseria and a number of other bacteria (particularly Ps.Jluorescens, P . mirabilis, S . marcescens, Str. faecalis and Staph. aureus, table 111) showed a positive immunological reaction with N . sicca CA antiserum by the immunoblotting method. The neisseria CA antibody was affinity purified (Jonssen, personal communication). Thus, a positive reaction in the immunoblots, in extracts of CA-activity-negative strains, suggests a reaction with a CA-like protein. When the double immunodiffusion method was used, extracts of N . sicca and N . gonorrhoeae but not of N . meningitidis reacted positively. The failure to obtain a positive result with N . meningitidis might be attributed to the use of crude extracts and the relative insensitivity of the method. Okabe et al. 19 and Yang et a1. 20 successfully used the immunodiffusion method to study immunological relationships between different, purified, CA isoenzymes. Also, in mammals there is a wide degree of immuno-cross reactivity between carbonic anhydrases from divergent species, e.g., in rabbit, rat and man there is good reaction with human CA I1 antiserum, even though the primary sequence is about 50% different (N.D. Carter, unpublished results).
The demonstration of N . sicca CA cross-reacting protein, in bacterial strains in which CA activity could not be detected, may indicate a different role for "CA protein" in these organisms. A similar conclusion is inferred from the acetazolamide sensitivity of Neisseria spp. lacking CA activity. The presence of CA proteins lacking strong hydrase activity or without sensitivity to acetazolamide, has been demonstrated in mammals. Chapman and Maren" reported that CA I, which is found at a concentration of 4 g/L in human erythrocytes, has a turnover number for C 0 2 or HC03-(at pH 7-4) of only 5% that of CA 11, which is found at a concentration of 0-7 g/L. Thus, the function of CA I might not be related to C 0 2 metabolism. Similarly, the muscle isoenzyme CA I11 is relatively resistant to sulphonamides, and has a C 0 2 hydrase activity of only 1% of that of CA I. ' All mammalian CAs show some esterase activity;22 nevertheless, it seems unlikely that CA crossreacting protein might function as an esterase in N . meningitidis, N . lactamica and non-neisseria species, since the esterase activity of CA has been demonstrated only on non-biological substrates, e.g., p-nitrophenyl and also could be inhibited by acetazolamide.12 Further studies on the biochemical, antigenic and structural characteristics of bacterial CA cross-reacting substances, and of N . sicca CA, are essential before speculating on possible non-C02 related functions of CA protein or relationships with mammalian isoenzymes.
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